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Saturation of extrinsic photoconductivity in GaP:N(Zn,Te) 
diodes could be achieved by excitation with a TEA-CO 2- 
laser. At wavelengths in the IO ~m range intensities of 
several ]00 kW/cm 2 being near the damage threshold were 
applied. Carrier lifetimes of 60 ps at 4.2 K and 200 ps 
at 77 K could be estimated. The only conceivable mechanism 
explaining these short time constants is the capture of 
infrared excited holes by ionized shallow acceptors in 
the highly compensated p-side of the diode. 
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Introduction 
Extrinsic photoconductivity and infrared excited 
electroluminescence have been observed in GaP light 
emitting diodes (LEDs) [1,2] providing a simple method of 
infrared to visible up-conversion. At low temperatures 
neutral shallow impurities are ionized by infrared radia- 
tion of suitable quantum energy and electrons and holes 
drift under the effect of an electric forward bias field 
into the pn-junction yielding visible luminescence by 
radiative interband recombination. In contrast to other 
up-conversion schemes involving laser pump sources, in 
the LED up-converter the deficient energy of visible photons 
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is simply supplied by the bias voltage source. 
By transient infrared excitation spectroscopy applying 
short CO 2 laser pulses the detection time constants were 
evaluated to be smaller than 0.5 ns and 2 ns for photocon- 
ductivity and up-conversion, respectively [3,4]. These 
upper limits were determined by the duration of the laser 
pulses and the finite bandwidth of the detection device. 
Investigation of the evolution in time of the infrared in- 
duced electroluminescence spectrum showed that the radia- 
tive transitions were due to the well known donor-acceptor 
and nitrogen pair recombinations and in addition due to 
free hole-to-bound-donor transitions not yet observed 
before in GaP at liquid helium temperature [5]. This latter 
process turned out be very fast being responsible for the 
observed time constant in up-conversion. 
In this paper we report on the saturation behaviour 
of photoconductivity under high intensity irradiation by a 
pulsed CO2 laser. Saturation intensities as high as 
670 kW/cm 2 and 180 kW/cm 2 for 4.2 K and 77 K, respectively, 
were derived from the measurements indicating time con- 
stants much shorter than those observed by transient ex- 
citation. 
Experimental 
The measurements were carried out on green emitting 
GaP:N(Zn,Te) LEDs without the infrared absorbing plastic 
cover. The diodes were prepared by liquid phase epitaxy 
on Te-doped n-conducting substrates. Alloyed metal elec- 
trodes covered the full size of the substrate and had the 
shape of a narrow cross on the opposite face leaving 
sufficient space for ir-irradiation into the p-side of the 
diodes. The samples were mounted in an optical cryostat 
and immersed in liquid helium or liquid nitrogen. A TEA-CO 2 
laser at 10.6 ~m wavelength emitting a strongly modulated 
pulse train due to mode beating was employed as an ex- 
citing source [6,7]. The photoconductive signal of single 
laser shots measured across a 50 ~ load resistor was 
recorded using a Tektronix R 7912 transient digitizer. 
A typical recording of the laser power as function of 
time is shown in Fig. I. The total energy of a laser pulse 
being monitored by a calibrated pyroelectric Joule meter 
was varied by changing the laser discharge voltage. As tha 
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Figure I. Shape of the high pressure CO 2 laser 
pulses detected by photoconductivity of a GaP- 
LED at 4,2 K for 20 V bias voltage, 10.6 pm 
excitation wavelength, and 200 kW/cm 2 peak 
intensity. 
shape of the pulse train did not depend on the discharge 
voltage the peak power and, thus the peak intensity in the 
sample after correcting for reflexion losses at the surface 
could be determined. Usually forward bias voltages up to 
the order of IOO V may be applied to GaP-LEDs at low 
temperatures yielding a very large photoconductive gain. 
This is due to the fact that below a critical forward bias 
voltage the electrodes of the diode are blocked by space 
charges captured in deep recombinative centers [1,2]. In 
the present experiment the bias voltage was limited to 
I0 V at 4.2 K because the diode contacts were destroyed by 
the large photocurrent above this voltage. In the case of 
77 K temperature the measurements were carried out below 
5 V bias because the dark current rapidly increased above 
this voltage and strongly reduced the signal-to-noise 
ratio. 
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Results and Discussion 
In Fig. 2 the short circuit photocurrent is plotted 
as a function of intensity I measured at liquid helium and 
liquid nitrogen temperature, respectively. In both cases 
the photosignal clearly saturates. The observed dependence 
of the photocurrent on the incident intensity can be 
described by the phenomenological equation 
-I 
(I) Iph = R P (I + I/I S ) 
where R is the current responsivity, P the power incident 
on the diode corresponding to the intensity I in the diode 
and I S the saturation intensity. By fitting the experimen- 
tal results to this relation, shown in Fig. 2 by the full 
lines, we find R = 2.10 -4 A/W and 2.10 -5 A/W and I S = 
670 kW/cm 2 and 180 kW/cm 2 for 4.2 K (10 V bias voltage) 
and 77 K (4.5 V), respectively. These extremely large 
saturation intensities imply correspondingly short life- 
times of infrared excited free carriers. Besides the free 
hole-to-bound-donor interband recombination process, which 
has been proved to be fast, the capture of free carriers by 
ionized shallow impurities must play an essential role. The 
inverse lifetime T -I due to the latter process is propor- 
tional to the compensation ratio of the material. Because 
the p-side of the diode was prepared by counter doping Te 
donors diffusing from the substrate into the deposited 
layer during epitaxial growth, the compensation of the p 
side is larger than that of the n side. Thus the lifetime 
of free holes is expected to be much smaller than that of 
free electrons. Therefore we may assume that the photo- 
current due to high power excitation is due to free holes 
only. 
In order to obtain a physical understanding of the 
saturation intensity we apply a rate equation model in- 
cluding the acceptor ground state and the valence band. 
The optical absorption cross section ~ of Zn acceptors at 
10.6 ~m wavelength was evaluated from the absorption co- 
efficient of Zn doped GaP [8]. Using the obtained value 
o = 5.10 -16 cm 2 we find an optical excitation rate per 
neutral acceptor of o I /~  = 5-109 s -I for an intensity 
I = 200 kW/cm 2 where ~ is the infrared photon energy. As 
the relaxation of nonequil ibrium carriers in a band occurs 
on a time scale in the order of picoseconds [9] the infra- 
red excitation of holes into the valence band is much 
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Figure 2. Peak photocurrent of the 
GaP diode as a function of the peak 
intensity of the high pressure CO 2 
laser at 4.2 K. The solid lines re- 
present a fit according to Eq.1~ 
(a) Bias voltage: 10 V; 
temperature: 4.2 K; 
(b) Bias voltage: 3 V and 4.5 V; 
temperature 77 K. 
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slower than the relaxation. Therefore recombination of 
holes into ionized acceptors by stimulated emission may be 
neglected. In this case the rate equation determining the 
infrared excited concentration of holes Ah is simply 
(2) d(Ah) _ (N - Ah) oI/'~o- ~h 
dt A o T 
where N is the density of neutral acceptors. As the 
A o 
duration of the infrared laser pulses was much longer than 
the expected lifetime T, steady state conditions 
(dAh = O) may be presumed yielding 
dt 
(3) Ah = NAOOT I /~  (] + I_)-i 
I S 
with I S = ~m/oT. From this relation we find T = 60 ps and 
T = 200 ps being independent of the bias voltage up to 10 V 
and 4.5 V for 4.2 K and 77 K, respectively. These extremely 
short lifetimes cannot be explained by radiative free-hole- 
to-bound donor recombination, whose time constant was 
estimated to be about 2 ns [4], or by any other interband 
transition. Thus these results concerning 9 additionally 
justify the simple model leading to Eq. 1. The inverse life- 
time may be expressed by T -I = o c <v> N A where Oc is capture 
cross section of ionized acceptors, <v> the average velocity 
of free holes, and N A- the concentration of ionized 
acceptors. 
In compensated material at low temperature (4.2 K) the 
concentration of ionized acceptors is equal to the sum of 
the concentrations of the donors N D and the free infrared 
excited holes Ah 
N A- = N D + Ah 
where N D is in the order of magnitude NAo/IO0 to NAo/IO and 
Ah<ND/ IO  for the highest intensities employed. Therefore 
we get N._= N D at low temperature and even when all accep- 
tors are~thermally ionized at higher temperatures Ni_ 
9 A 9 
cannot exceed thxs value by more than 2 orders of magnltude. 
The capture cross section o c decreases, however, very 
strongly with increasing temperature, approximately like 
o ~] /T  2 [10] and <v> increases with temperature like 
C 
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<v> ~ /T and with injection of charge carriers. As the 
electric field gradient in the diode is not known accurately 
at low temperatures, <v> cannot be evaluated exactly. The 
product Oc<V> will nevertheless approximately vary like 
T -3/2 and therefore decrease from 4.2 K to 77 K by a 
factor of about 80. The time constants determined from 
the saturation intensity at the two different temperatures 
and thus explainable if ND~NAo/25. 
It is obvious that this mechanism can have some in- 
fluence on other recombination processes; especially the 
decay of free-to-bound and donor acceptor pair luminescence 
will be affected. 
Conclusion 
We have shown that in GaP light emitting diodes used 
as extrinsic photoconductive detectors at low temperatures 
saturation occurs at intensities of several 100 kW/cm 2. 
From the saturation intensities the lifetime of infrared 
excited holes in the valence band could by derived to be 
of the order of I00 ps. It is expected that the time con- 
stant of photoconductivity is of the same order of 
magnitude. Thus GaP diodes represent very fast infrared 
detectors having a large dynamical range. 
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